1 6 3 t e C h n I C a l r e p O r t S Recent advances in optogenetics have improved the precision with which defined circuit elements can be controlled optically in freely moving mammals; in particular, recombinase-dependent opsin viruses, used with a growing pool of transgenic mice expressing recombinases, allow manipulation of specific cell types. However, although optogenetic control has allowed neural circuits to be manipulated in increasingly powerful ways, combining optogenetic stimulation with simultaneous multichannel electrophysiological readout of isolated units in freely moving mice remains a challenge. We designed and validated the optetrode, a device that allows for colocalized multi-tetrode electrophysiological recording and optical stimulation in freely moving mice. Optetrode manufacture employs a unique optical fiber-centric coaxial design approach that yields a lightweight (2 g), compact and robust device that is suitable for behaving mice. This low-cost device is easy to construct (2.5 h to build without specialized equipment). We found that the drive design produced stable high-quality recordings and continued to do so for at least 6 weeks following implantation. We validated the optetrode by quantifying, for the first time, the response of cells in the medial prefrontal cortex to local optical excitation and inhibition, probing multiple different genetically defined classes of cells in the mouse during open field exploration.
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As animal subjects 1 , mice provide a very diverse genetic platform for the investigation of behaviors ranging from learning to social performance 2, 3 , including with optogenetics [4] [5] [6] [7] [8] . In particular, viral expression targeting (using promoters or the combination of Cre driver lines [9] [10] [11] [12] with Cre-dependent viruses [13] [14] [15] ) enables highly precise optogenetic investigation of mouse behaviors. However, detailed understanding of effects exerted on neural circuitry has been hindered by the limited ability to simultaneously record multiple channels of electrical activity during optogenetic manipulation in freely moving mice. Researchers have extensively employed electrophysiology both in vitro (brain slice and cell culture) and anesthetized in vivo 16 to measure the effects of optical stimulation on neural firing. However, the sliced and anesthetized brain differs markedly from the brain in its natural awake state 17 . Thus, neural activity must ideally be observed and perturbed during freely moving behavior to correlate and causally implicate specific neural states with behavioral states.
Although methods for high-throughput awake freely moving electrophysiology are readily available for larger animals such as rats [18] [19] [20] [21] [22] [23] [24] [25] , combining electrophysiological recordings of multiple isolated units with optical hardware in awake freely moving mice remains a challenge 26 because of the limited size and weight of implants that can be carried by mice. Recently, a number of pioneering efforts have advanced the development of devices for awake electrophysiology in mice, although many of these implants are incompatible with optogenetic approaches 27, 28 or require mice to be immobilized and head-fixed during the recording 29 as a result of the dimensions and the weight of the implants. We designed, validated and employed an optetrode, a microdrive optrode, specifically tailored to the constraints and challenges of combining freely moving mouse electrophysiology with optogenetic control.
RESULTS

Optetrode design and validation
Given that optogenetic experimentation fundamentally relies on light delivery into the brain, we began with an optical fiber at the center of the device (Fig. 1a) . For electrophysiological recordings, the device was equipped with 16 microwires (polymer-coated nickel-chromium alloy, 12-µm diameter) wound into four tetrode bundles 19, 20 (diameter, ~25 µm) to facilitate the isolation of signals from individual neurons in the region of light delivery. To ensure consistent and sufficient light intensity near the recording sites, we rigidly attached tetrode bundles to the fiber shaft (diameter, ~200 µm) and cut them to extend 300-1,000 µm beyond the end of the optical fiber. The high fiber diameter to tetrode diameter ratio (200:25) insures negligible shadowing of the light by tetrode bundles. Thus, the fiber acts as both a light source and a structural support for the tetrodes during translation through the brain tissue. The resulting fiber-tetrode assembly was combined with a custom co-axial mechanical drive, thereby allowing the recording site to be manipulated after implantation. The drive design consisted of a vented screw, a thumbnut t e C h n I C a l r e p O r t S and a plastic housing. The fiber-tetrode assembly ran concentrically through the vented screw, and the vented screw was machined such that the plastic housing prevented its rotation (Fig. 1b) . Thus, rotation of the thumbnut translated (without rotation) both the screw and the fiber-tetrode assembly co-axially through the brain ( Fig. 1c ; each full turn of the thumbnut corresponded to 454 µm in depth penetration). This mechanical design yielded a combined optical stimulation and electronic recording device (Fig. 1a) with a modest weight (2 g on completion and ~2.5 g on implantation, including the weight of the acrylic affixing the device to the scull) and spatial dimensions (height, 22 mm). We found that freely moving adult mice (≥5 weeks old) readily carried the implanted device ( Fig. 1d and Online Methods).
To test the utility of the optetrode device for awake recording of neural activity, we first implanted the device in the medial prefrontal cortex (mPFC) of mice (n = 3) that were previously injected with adeno-associated virus (AAV5) carrying the gene encoding enhanced yellow fluorescent protein (EYFP). We recorded signals from the 16 microwires as the mice performed an open field exploration task (OFT, see Online Methods). The amplitude of individual spike events measured on each of the four wires of each tetrode formed clusters of amplitude values 18, 19 (Fig. 1e) , and we assessed the quality of these clusters using two standard metrics 30 : L-ratio and isolation distance. Clusters with an L-ratio of less than 0.2 and an isolation distance greater than 15 were deemed single units (see Online Methods; n = 45 single units from 43 OFT experiments, single unit L-ratio = 0.03 ± 0.04, isolation distance = 47.2 ± 24.1, mean ± s.d.). To assess how stable these single units were over the 22-min OFT, we examined how separable the amplitude of spikes from the first 2 min in the OFT were from the amplitude of spikes in the final 2 min. We found that clusters of spikes from the beginning and end of the task were never wellseparated from each other (minimum L-ratio = 0.92, mean ± s.d. = 4.9 ± 3.7; maximum isolation distance = 8.2, mean ± s.d. = 4.0 ± 1.4), suggesting that the drive design produces stable recordings. Furthermore, we found that the drive was capable of recording highquality signals from the same site over a timescale of at least 6 weeks (Supplementary Fig. 1 ).
Recording during optical inhibition in freely moving mice
We next tested to ability of the device to record neural signals in awake behaving mice expressing opsins. To begin, we first investigated performance in mice expressing the halorhodopsin eNpHR3.0, which has been shown to inhibit action potentials during in vivo recordings 15 , but has not been examined in freely moving mammals. We implanted the device into mice (n = 2) injected with AAV containing the gene encoding eNpHR3.0-EYFP fusion protein under the control of the human synapsin promoter (hSyn), a broadly expressing neuronal promoter (Supplementary Fig. 2 ). The mice were placed in the open field for 18 min and exposed to 30-s pulses of illumination (λ = 561 nm, continuous light, power density of 160-260 mW mm −2 at the tip of the implanted fiber, 17-26 mW mm −2 at 0.5 mm and 4-7 mW mm −2 at 1 mm below the fiber 31, 32 ) separated by 90-s dark epochs. We found that, on average, multiunit activity decreased by 26.6 ± 6.8% (mean ± s.d., n = 30 tetrode recording sites across 14 OFTs, P < 0.001, t test; Fig. 2a ) during epochs of illumination. We were able to isolate 23 single units during 14 OFT exposures, and isolation persisted during light exposure in nearly all of the cells (21 of 23 continued to meet cluster quality thresholds during illumination; Online Methods and Fig. 2b) .
The 21 isolated cells included those in which activity was immediately inhibited (firing rate decreased by 68% ± 15%, mean ± s.d., n = 6 of 21, z < -1.3), those in which activity was slowly enhanced, presumably as a result of circuit effects (firing rate increased by 137% ± 56%, mean ± s.d., n = 4 of 21, z > 1.3), and those in which no statistically significant effect of light was seen (P > 0.1, t test). Of those cells that were affected by light, examination of single neuron firing-rate dynamics before, during and after illumination revealed complex dynamics in response to illumination. Some neurons were robustly and immediately inhibited by light (Fig. 2c) , some neurons were initially and immediately inhibited by light, but recovered activity over the 30-s illumination epoch (Fig. 2d) , and other neurons were gradually excited in response to circuit illumination (Fig. 2e) . These findings demonstrate the potential of the optetrode for capturing the complex changes in neural activity induced by optogenetics in behaving mice, which in this case were induced by the first recording of optogenetic inhibition in a freely moving animal, a long-sought goal. Figure 1 Optetrode design. (a) Vertical cross section of the optetrode. The body of the device consists of a plastic housing and a thumbscrew, held tightly in place with two friction-fit plastic pins, mechanically driving a vented screw into which a protective tube containing the four tetrodes and the multimode fiber is glued. The head of the screw is epoxied to both the metal ferrule optical connector end of the fiber and an electronic interface board, which connects the tetrode microwires to an 18-pin electrical connector. Inset, horizontal cross section of the optical fiber with four tetrode bundles affixed. (b) Vertical cross section of the mechanical drive perpendicular to the cross section in a. The bottom half of the vented screw is thinned such that it tightly fits the tunnel of the plastic housing in only one possible orientation and thus does not rotate during vertical motion. (c) Three-dimensional view of the mechanical drive used in the optetrode. As the interference pins prevent the vertical translation of the thumbscrew, turning in the counterclockwise direction results in a downward motion of the vented screw (red arrows). (d) Shown is a 10-week-old wild-type male mouse 2 weeks after the optetrode implantation and virus injection (mouse was 8 weeks old at the time of surgery). (e) Action potential amplitudes on two channels of a tetrode bundle demonstrate five amplitude clusters (color coded). Average action potential waveforms from the maximum amplitude channel are shown next to each cluster. Unclustered spikes are not shown.
t e C h n I C a l r e p O r t S Recording during optical excitation in freely moving mice We next explored the integration of electrical recording with optical stimulation over a range of stimulation parameters in freely moving mice. We injected mice (n = 2) in mPFC with AAV containing a channelrhodopsin 2 (ChR2)-EYFP fusion protein, again under the control of the hSyn promoter, before implanting the optetrode (Supplementary Fig. 2 ). These mice were subjected to an 18-min OFT during which 30-s epochs of optical control were separated by 120-s intervals of no light delivery (n = 10 OFTs). The epochs of optical control consisted of pulsed laser light at various frequencies (laser wavelength λ = 473 nm, pulse width 5 ms, power density 60-160 mW mm −2 at the tip of the implanted fiber, corresponding to an estimated power density of 5-12 mW mm −2 at 0.5 mm and 1-3 mW mm −2 at 1 mm below the fiber, at the tetrode tips). During each OFT, the pulse frequency was twice scanned over the following physiologically and clinically relevant stimulation frequencies: low (5 Hz), moderate (20 Hz) and high (130 Hz; deep brain stimulation [33] [34] [35] , DBS). These stimulation patterns are commonly delivered from conventional electrodes both in systems neuroscience and in clinical medicine, yet it has proven to be difficult to determine the local neural response to stimulation because of electrical artifacts caused by electrical stimulation, especially at higher frequencies. Although progress has been made understanding the effects of electrical stimulation in head-fixed animals using Ca 2+ imaging techniques 36 , optogenetic stimulation allows us to avoid electrical artifacts and to simultaneously record local neural activity.
We were able to observe multiunit neural response to optical stimulation ( Fig. 2f) , even at 130 Hz. Multiunit activity (MUA, see Online Methods) was significantly increased by 20-Hz stimulation (increased by 115.7 ± 18.6%, mean ± s.d., n = 40 tetrode recording sites across 10 OFTs, P < 0.0001) and 130-Hz stimulation (37.1 ± 11.7%, mean ± s.d., P < 0.005), and began to oscillate with 5-Hz stimulation (MUA binned with finer resolution; Fig. 2g ). There was a sharp spike in MUA during the first second of 130-Hz stimulation, which subsequently dropped off into a delayed, less excited phase (Fig. 2g) . This delayed phase was often inhibited and outlasted the period of stimulation, a finding of considerable clinical interest in interpreting DBS mechanisms (Supplementary Fig. 3) . It was also possible to isolate some single units during stimulation, but increased multiunit background and changes in spike amplitude during ChR2-facilitated light stimulation made isolation difficult for many units. This was reflected in decreased cluster quality metrics during stimulation (Fig. 2h) . Nonetheless, many units remained wellisolated during stimulation (9 of 21 units, 10 OFTs; Fig. 2i-k and Supplementary Fig. 4) .
One possible explanation for some of the reduced number of wellisolated single units during ChR2-mediated stimulation is that the ChR2 gene was driven by the broadly expressing hSyn promoter 37 . By testing the optetrode in mice expressing ChR2 in more specific populations of neurons (also more concordant with how optogenetics will typically be used in combination with the optetrode), we hypothesized that we could improve cluster quality during optical stimulation. We implanted the optetrode drive into two additional classes of mice: mice expressing ChR2 under a more specific promoter (CaMKIIα) and mice expressing ChR2 in a recombinase-dependent targeted manner in parvalbumin-expressing neurons (PV::Cre transgenic line); in both cases, we injected AAV5 into the mPFC as in the previous experiments ( Supplementary Figs. 5 and 6) . t e C h n I C a l r e p O r t S
We subjected mice injected with AAV5-CaMKIIα::ChR2-EYFP into mPFC (n = 2) to a 22-min OFT using an experimental protocol identical to that used for the hSyn mice, but with an additional 130-Hz stimulation epoch using a 2-ms pulse width instead of 5 ms. This additional epoch was intended to decrease the duty cycle of the highfrequency stimulation, in a procedure that is more relevant to clinical DBS. We also randomized the order of the various stimulation frequencies (laser wavelength λ = 473 nm, power density = 96 mW mm −2 at the tip of the implanted fiber, corresponding to an estimated power density of 9 mW mm −2 at 0.5 mm and 2 mW mm −2 at 1 mm below the fiber, at the tetrode tips). Again, we observed increased MUA during 20-Hz stimulation (173% increase, n = 84 tetrode recording sites across 33 OFTs; Fig. 3a) and oscillatory MUA during 5-Hz stimulation (Fig. 3b) . We found no significant change in MUA at any stimulation frequency in CaMKIIα::EYFP (P > 0.2). However, in contrast with the hSyn promoter, the 130-Hz response did not decrease to baseline following the initial peak in mice expressing ChR2 under the control of the CaMKIIα promoter (Fig. 3a) . The cluster quality for isolated neurons changed during light stimulation (7 of 14 units remained isolated, n = 33 OFTs; Fig. 3c ), but robust responses to individual light pulses could be observed in the cells that remained isolated (for example, latency = 4.9 ± 0.3 ms, mean ± s.d.; Fig. 3d-f) .
To further explore the ability of the optetrode to isolate individual neurons during ChR2-driven optical excitation, we explored the effects of stimulation of a sparse neuronal population of inhibitory interneurons, namely parvalbumin-expressing cells. We again implanted optetrodes in mPFC; however, instead of using wild-type mice, we injected PV::Cre mice (n = 2) 38 with AAV5 carrying a loxP-flanked ChR2-EYFP fusion construct (DIO) under the control of the EF1α promoter 13, 14 . The DIO construct allows for the protein of interest to be expressed only in the cells that express Cre recombinase ( Supplementary  Fig. 6 ). We subjected the mice to an OFT protocol identical to that used for mice expressing CaMKIIα::ChR2 and recorded local MUA (Fig. 3g) and single unit activity. In this case, the ability to maintain high cluster quality was nearly unaffected by light stimulation (Fig. 3h) , allowing almost all of the single units that were isolated to be observed during light stimulation (n = 46 of 50 single units over 29 OFTs ; Fig. 3h , see Online Methods). Notably, in this case, we observed little effect on mean MUA during light stimulation in these mice (Fig. 3g) , but individual units (Fig. 3i) showed robust responses, such as transient inhibition, to individual light pulses (Fig. 3j,k and Supplementary Fig. 7) . None of these units displayed low-jitter action potentials in response to light, suggesting they were not ChR2-expressing parvalbumin-positive neurons. Instead, a significant number of units showed a broad and delayed inhibition in response to light (P < 0.0005, binomial test; 9 of 46 neurons show reduced firing rate, P < 0.05, Bonferroni corrected t test; Fig. 3j,k) , as might be expected from synaptic or multisynaptic effects of successfully recruiting parvalbumin-positive 14 neuronal activity. Indeed, no neurons recorded in parvalbumin-positive EYFP control mice showed a change in firing rate in response to light (n = 3 mice, 0 of 29 neurons, P > 0.05; Online Methods).
Mouse behavior during optical excitation
A critical feature of the optetrode drive design is that it remains small and light enough to be used in freely behaving mice. We were t e C h n I C a l r e p O r t S able to simultaneously explore the effects of optical stimulation in the mPFC on both neural activity and behavior in the OFT. We analyzed two aspects of the behavior during the 22-min OFT: mouse velocity and the periods of time during which mice occupied the center of the cage, a validated measure of anxiety-related behaviors 39 . We calculated the average velocity prior to the first optical stimulation epoch, as well as during and after different frequency and pulsewidth stimulation epochs, for each OFT. Notably, we found that mice expressing ChR2 in excitatory neurons (CaMKIIα::ChR2) showed increased velocity during 20-Hz and 130-Hz stimulation (P < 0.0001 for 20 and 130 Hz, 5-ms pulse width stimulation; P < 0.02 for 130 Hz, 2-ms pulse width; Bonferroni corrected t test; Fig. 4a ) and thus had longer path lengths during stimulation (Fig. 4b) , but this increase did not occur during 5-Hz stimulation. This pattern is consistent with the frequencies of stimulation that produced increased MUA t e C h n I C a l r e p O r t S (Fig. 4c) . EYFP no-opsin controls, on the other hand, did not exhibit any effects of light on average MUA or velocity. Previous studies 16, 40 observed locomotion changes with cortical optical stimulation, but, crucially, were unable to provide information on local neuronal activity during the observed behavioral effect; with the optetrode, this information is available.
To quantify the time spent in the center of the open field, we computed the fraction of each epoch during which the mouse was more than 10 cm from the closest side of the open field box. We found that the light-stimulation procedure had no mean effect on the time that the CaMKIIα::ChR2 mice spent in the center of the open field as compared to the CaMKIIα::EYFP control mice (P > 0.1; Fig. 4d) , although both types of mice spent less time in the center during their initial 2-min pre-stimulation period than they did in subsequent periods, suggesting a natural acclimation to the field (P < 0.05; Fig. 4d) . We carried out the same analyses for mice expressing ChR2 in parvalbumin-positive cells, and we did not observe mean effects of optical stimulation on animal velocity, time spent in the center or recorded MUA (Supplementary Fig. 8 ).
Recording of defined neural projections in freely moving mice
The optetrode method need not be limited to recording activity in the region containing opsin-expressing cell bodies, but could, in principle, be extended to recording from cells that receive projections from a remote brain region transduced with an opsin. In a final set of experiments, we tested the capabilities of the optetrode for driving specific neural projections between brain areas and assessing the functional effects of those projections in freely moving mice. We injected an AAV5 encoding ChR2-EYFP under the control of the CaMKIIα promoter into the basolateral amygdala (BLA), but did not implant the optetrode in the BLA, instead placing the optetrode above the prelimbic (PrL) neocortex. In this case the activity of PrL neurons could be recorded while stimulating the projection from the BLA to the mPFC 41 , of which PrL is a part (Fig. 5a) . This projection-targeting strategy is feasible for opsins that traffic well to axons 6, 15, 16 .
The background activity of a PrL unit (Fig. 5b,c) showed no underlying periodicity in its firing pattern (Fig. 5d) . However, when 10-Hz stimulation with blue light (λ = 473 nm) was used to drive the BLA projection into mPFC, the isolated unit showed a marked change in temporal patterning (Fig. 5e) , maintaining the same spike waveform (Fig. 5f) . The autocorrelation of the recording of this unit during optical projection stimulation revealed a 0.1-s periodicity, consistent with 10-Hz stimulation (Fig. 5g) . In addition to the synchronization of the single unit with the laser pulses, the stimulation also produced complex multiunit responses that preceded (but did not impair isolation of) synchronous firing of the observed unit (data not shown) in these freely behaving mice.
DISCUSSION
Combining the precision of optogenetic control with electrophysiological readout of single-unit neural dynamics is essential for behavioral experiments seeking to establish causality and deepen the understanding of neural circuit dynamics. We have developed an optrode device, the optetrode, that allows for simultaneous optical interrogation and tetrode electrophysiology in awake freely moving mice. A key feature of the optetrode is its fiber-centric design that allows the use of a single-screw drive for propagation of the optical fiber and tetrodes over a 4-mm range of brain depths (Fig. 1a-c) . This mechanical drive design reduces the dimensions and weight of the device and allows it to be comfortably carried by a freely moving mouse. We and others have recently demonstrated 42,43 integration of optogenetic control and multiunit recording in behaving mice, but have lacked the capability to co-advance the light source and the recording electrodes together in a fixed and predictable spatial relationship through multiple brain regions in the same animal; indeed, the optical fiber in the optetrode also doubles as a structural support for the tetrodes, allowing accurate and robust targeting of deep brain structures. Moreover, the optetrode integrates freely moving mouse electrophysiology with optogenetics at a low cost and with a straightforward fabrication procedure that does not require a specialized facility.
We validated the optetrode by quantifying for the first time, to the best of our knowledge, the physiological effects of optical inhibition or excitation of defined local mPFC cells in freely moving mice. The observed robust inhibition of neural activity via eNpHR3.0 activation (Fig. 2a) was expected from the mechanism of operation of halorhodopsin. However, the optetrode's ability to record the activity of individual neurons during light stimulation (Fig. 2b) revealed the diversity of the responses in the local network (Fig. 2c-e) . It is likely that the neurons that were inhibited in an immediate and sustained manner by light (Fig. 2c) expressed eNpHR3.0, and their firing responses were dominated by the eNpHR3.0-mediated chloride currents. In contrast, the neurons that displayed higher firing rates during illumination (Fig. 2e) likely received inputs from inhibitory neurons that normally suppress their activity, but are inhibited by light. Thus, the firing dynamics of these neurons are only indirectly influenced by the eNpHR3.0 response to light. Similarly, the initial rapid (<100 ms) decrease of the firing rate of many units (Fig. 2d) on illumination is probably a consequence of eNpHR3.0 expression and function, but, subsequent dynamics that do not match eNpHR3.0 dynamics may be governed by network activity. Notably, we found that neurons that were inhibited displayed a very rapid time course of inhibition onset that was consistent with the known fast-pumping mechanism. This finding supports a direct and cell-intrinsic mode of optogenetic inhibition in these mammalian preparations. As with optogenetic excitation, identifying these properties in freely moving mice would be difficult without simultaneous multichannel readout during optogenetic manipulation.
Resolution of individual neurons during ChR2-facilitated pulsed blue-light excitation was, as expected, dependent on the density of photosensitive cells. In the dense population of ChR2-expressing cells resulting from the use of either the hSyn or CaMKIIα promoters to drive expression in mPFC, the coherent population response to pulsed stimulation often overwhelmed the responses of individual units (Figs. 2h and 3c) . However, many of the units still retained high cluster quality while exhibiting high coherence with stimulation pulses (Figs. 2i-k and 3d-f) . In contrast, cluster quality and the ability to isolate individual units were unaffected during light stimulation of a local network containing a reduced density of ChR2-expressing cells, as with parvalbumin-expressing neurons (Fig. 3i) , a typical setting for optogenetic experiments. In such a setting, the optetrode has clear advantages over recording during electrical stimulation, with which electrical artifacts limit resolution and cell type-specific stimulation is not possible.
Our observation of the dynamic changes of the electrophysiological response to 130-Hz stimulation (Figs. 2f,g and 3a,b and Supplementary Fig. 7 ) over the course of 30-s stimulation epochs not only improves our understanding of DBS strategies that employ these frequencies (although it is important to note that DBS electrodes may recruit a different pattern of axons and cell bodies than optogenetic stimulation), but also highlights the importance of electrophysiological recordings during optogenetic behavioral t e C h n I C a l r e p O r t S experiments, as it is especially difficult to resolve effects on local circuitry when using electrical DBS because of electrical artifacts. In addition to providing insight into network activity during optogenetic stimulation of local somata, the optetrode can be used to provide a readout of neural activity affected by stimulation of specific projections (Fig. 5) . Finally, because of its modest weight and footprint (0.12 mm 2 at the site of implantation and 8 mm 2 on the surface of the skull), the optetrode can be combined with other sources of stimulation, such as optical fibers, or additional recording electrodes in contributing to the increasingly rich toolbox for neural circuit interrogation.
As the optetrode can be easily fabricated at low cost (<$100) without specialized equipment and minimal training (Supplementary Note and Supplementary Fig. 9 ) and provides high-quality electrophysiological recordings during behavioral experiments, it becomes straightforward to routinely supplement transduced animal cohorts with optetrode-implanted animals that can be used to monitor units during optogenetically driven behavior. This approach will facilitate the analysis of behavioral data, reducing the number of interpretations to those consistent with observed (rather than hypothesized) local unit activity and thereby minimizing biases and preconceptions in the analysis of mouse behavior. By providing a fast multichannel readout compatible with the speed and specificity of optogenetics, the optetrode takes a step toward furthering the development of precise and causal circuit interrogation for systems neuroscience.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. data acquisition and analysis. All electrophysiological recordings were performed in awake freely moving animals using the Digital Lynx 10S-Z800 integrated hardware and software system (Neuralynx). The electrical signal was filtered (600-6,000 Hz) and amplified using a HS-18-CNR-LED head-stage amplifier (Neuralynx). The mouse position inside the 40 × 40-cm light-gray open field was tracked using the LED tracking system incorporated into the neural data acquisition software. The fiber and the tetrodes were propagated via the mechanical drive to the recording site at least 30 min before the experiment (and often left overnight) to ensure stable recordings. Optical stimulation was applied through a ferrule-terminated implanted optical fiber (Doric Lenses) attached to the fiber-ferrule of the optetrode by a zirconia sleeve (Doric Lenses). For optical stimulation of the mPFC in ChR2-expressing mice, we used a blue diode pumped solid-state laser (λ = 473 nm, OEM Lasers) pulsed at 5 Hz, 20 Hz, or 130 Hz with 5-ms pulse width (or in some cases 130 Hz with 2-ms pulse width) and a power density of 60-160 mW mm −2 at the tip of the fiber (power output was measured through a non-implanted fiber-ferrule that was identical to the one used in the optetrode). The light power at different distances from the fiber tip was estimated as a function of both wavelength and the power of light at the fiber tip (calculation from ref. 30 was corrected for wavelength).
For mice expressing ChR2 under the hSyn promoter, stimulation during the OFT consisted of 30-s stimulation epochs beginning every 2 min. The stimulation frequency during the epochs cycled twice through a sequence of 5-Hz, 20-Hz or 130-Hz stimulation using 5-ms pulse widths. In mice expressing ChR2 under the control of the CaMKIIα promoter and mice expressing ChR2 in parvalbuminexpressing neurons, as well as for the control mice that only expressed EYFP, the order of stimulation frequency was permuted to control for sequence-specific effects. Each stimulation type was applied exactly twice over the course of the OFT. For optical stimulation of the mPFC in eNpHR3.0-expressing mice, we used a green diode-pumped solid-state laser (λ = 561 nm, CrystaLaser) in continuous wave mode and power density of 160-260 mW mm −2 at the tip of the fiber. The 30-s stimulation epochs were separated by 90-s rest epochs and were repeated 7-8 times over the course of the experiment.
Neural data were sorted manually using OfflineSorter 2.8.9.0 (Plexon) and analyzed in MATLAB (Version 2009b, MathWorks). The maximum and minimum voltages on each of the four tetrode channels were extracted for each spike event detected by the Digital Lynx. The spike events were clustered in this eight-dimensional feature space. Clusters of spikes that were distinguishable from the noise cluster, the cluster of spikes closest to the origin, were defined using a polygon in one or more two-dimensional projections. Clusters were defined blind to the interspike interval (ISI) distribution. Only clusters containing <0.01% of the spikes with ISI < 1 ms were considered for further examination as candidates for single units. The quality of each cluster was then assessed using two quantitative measures: L-ratio and isolation distance 30 .
Theses measures calculate how well-separated the spikes in a cluster are from other spikes recorded on the same tetrode. The L-ratio treats the cluster as a multivariate Gaussian and represents the average probability that non-cluster spikes come from that Gaussian. It has been empirically shown to be particularly indicative of the number of type II errors or missed spikes. Isolation distance estimates how distant the cluster spikes are from the other spikes recorded on the same tetrode and has been shown to be indicative of the number of type I errors or contaminating spikes. Isolation distance is undefined when there are more spikes in the cluster than not in the cluster. In these rare instances, only the L-ratio was used to assess cluster quality. Clusters that had an L-ratio less than 0.2 and an isolation distance greater than 15 in the eight-dimensional feature space were considered putative single units. Because cluster quality metrics are only comparable when computed with an equal number of dimensions, tetrodes in which one or more electrodes were broken were excluded. Clusters were also examined as a function of time. During high-frequency stimulation, some clusters could be observed shifting smoothly toward lower amplitude spikes. In these cases, if the cluster remained distinguishable from other spikes, the polygon was defined to include the smeared cluster. In Figure 3h , two neurons did not spike during light stimulation and therefore had undefined cluster quality scores. These neurons were not counted as well-isolated during light stimulation.
For certain analyses multi-unit firing rate was used. Multi-unit firing rate was computed for each tetrode as the rate of all threshold crossings in 1-s bins for Figures 2a,f and 3a,g, 100-ms bins for Figures 2g and 3b , and for the entire epoch for Figure 4 . The multi-unit firing rates were averaged over the number of independent recordings (the number of the OFT experiments multiplied by the number of tetrodes that recorded voltage threshold crossings during the experiment). The shaded regions in Figures 2a,f and 3a,b and the bars in the Figure 4c show the standard error for these averaged values described ensembleaveraged MUA.
For the analysis of the data from eNpHR3.0-expressing mice, neurons were classified as inhibited if the z score of their firing rate during the optical stimulation was <-1.3 with respect to the background firing rate (Fig. 2c-e) ; neurons with z score > 1.3 were classified as enhanced (Fig. 2e) . To calculate z scores, we divided the firing rates during prestimulation epochs and light-stimulation epochs into 10-s bins and compared the resulting distribution of rates.
To assess the effect of blue light (λ = 473 nm) stimulation on the firing rate of neurons in mice expressing ChR2 in parvalbumin-positive neurons (and in EYFP controls), we compared the average firing in the 20-ms period preceding the light pulses to the average firing in 10 ms following the light pulses during 20-Hz stimulation. The significance of the firing rate change in each neuron was assessed using nonparametric bootstrapping: 1,000 simulations using randomized pulse times.
Statistical analysis of position data was conducted in MATLAB. The center of the open field was defined as greater than 10 cm from all four walls. Position was smoothed with a 0.6-s box-filter to remove noise. Velocity at each point in time was estimated using the distance traveled in the subsequent 25 video frames (~0.84 s). In Figure 4 , P values were computed by a Bonferroni-corrected twotailed Student's t test.
